Introduction
Knowledge of climatic variability in the past is an important basis for the validation of climate models and improvement to the assessment of the likelihood and analysis of the possible consequences of different scenarios of climatic change. The Alps, as a high mountain region, are particularly well suited for palaeoclimatic studies, because in this area evidence of climate variability has been preserved by variations in a number of environmental indicators, such as glaciers and the Subalpine treeline, whose relatively straightforward climate relationships allow them to be used as proxy climate data. Both the variations of the treeline and glacial advances have been used for the reconstruction of climatic history during the Holocene (eg, Patzelt and Bortenschlager, 1973; Furrer et al., 1987) . Mountain glacier variations usually reflect longer-term climatic processes on timescales of decades to centuries. However, in most cases the time control for the recorded environmental and climatic events and changing conditions is limited by the temporal resolution of radiocarbon dating. Thus the of this science in central Europe by Huber (1941) . These early investigations already demonstrated the potential of using these species to develop long chronologies. However, the establishment of a Holocene tree-ring chronology for the Alps has been missed until recent years. Up to the late 1990s, only the time period back to the early Middle Ages was covered by absolutely dated chronologies (eg, Donati et al., 1988; Bebber, 1990; Holzhauser, 1997; Nicolussi, 1999) .
Efforts to establish a Holocene tree-ring chronology in the Alps, largely using wooden material from high elevation sites, were carried out in Switzerland in the 1970s and 1980s. Röthlisberger et al. (1980) , Bircher (1982) , Renner (1982) and Schär and Schweingruber (1987, 1988) analysed subfossil samples from glacier forefields, peat bogs and small lakes. Mainly Larix decidua samples, together with some Pinus cembra and Picea abies samples were investigated. Based on this material it was possible to establish floating chronologies but not calendar-dated series (Kaiser, 1991) . Further floating chronologies for different periods of the Holocene were established for the French Alps (Edouard et al., 2002) and Austrian Alps (Grabner and Gindl, 2000; Nicolussi and Patzelt, 2000) .
We present an absolutely dated tree-ring width chronology covering continuously 9111 years (7109 BC to AD 2002) . It is the longest high mountain chronology in the world to date. The chronology is based on samples of the species Pinus cembra L., Larix decidua Mill. and Picea abies [L.] Karst., respectively, from high elevation sites in the European Alps. Moreover, the relevance of this chronology for studies on the Holocene environmental evolution and climatic fluctuations in the Alps is highlighted and discussed.
Material and methods
Fieldwork was carried out between 1998 and 2006. We mainly searched for subfossil logs at or near the surface of peat bogs (down to about 0.7 m) and in small lakes at high-altitude locations (usually between 2000 and 2400 m a.s.l.). This was done in the western section of the central Eastern Alps (Figure 1 , Table 1 ) on both sides of the main Alpine ridge. At two sites (both in the Radurscheltal, Table 1 ) we also sampled a subset of 89 dry-dead logs that grew in the last millennium. From the subfossil and drydead logs, disc samples were taken for tree-ring analysis. In the central part of the Eastern Alps current treeline positions are located at about 2200 to 2400 m a.s.l. (Mayer, 1974) . The high elevation forests in this area are dominated by Pinus cembra mixed with Larix decidua and, at lower elevations, Picea abies.
Subalpine Pinus cembra trees can live up to almost 800 years, but more common is a maximum lifespan of about 400 years. Larix decidua trees can reach similar life spans or even a little longer (Schär and Schweingruber, 1987, 1988) . In contrast to this, only a few Picea abies trees have more than 300 tree rings. The number of rings available for analyses are usually less than the tree's lifespan because of the effects of decay processes.
In addition to the samples from peat bogs and small lakes, subfossil material of these tree species was collected on glacier forefields of the Austrian, Italian and Swiss Alps (eg, Patzelt, 2000, 2001; Jörin et al., 2006 Jörin et al., , 2008 Nicolussi et al., 2006) . The locations of these samples showed a similar altitudinal range (about 1950 to 2200 m a.s.l.). The most recent time period is represented by treering data derived from cores extracted from living trees and discs taken from dry-dead logs (Lumassegger, 1996) .
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The Holocene 19,6 (2009) Measurements were made of the total tree-ring width and these were recorded to the nearest 0.001 or 0.005 mm. A minimum of two radii from each tree were analysed and a tree-ring series for each tree was established by synchronizing and averaging the measurements of all radii (precision 0.001 mm) for that tree. These 'mean tree' sample series were used in comparisons with other tree-ring series and reference chronologies. We used visual and statistical comparisons between single series and already established chronologies to find the exact crossdating position for each single tree-ring series. Visual and statistical comparisons were performed after high-pass filtering of the original measurement series. We applied a 30 yr spline (Cook and Peters, 1981) to remove age-related growth trends from the series.
Additionally, radiocarbon dating was applied extensively mainly at the beginning of chronology building to establish in a first step a framework of approximately dated tree-ring series and chronologies . In the latter phases of the project radiocarbon dating was mainly used on samples without satisfactory crossdating results. All wood material used for radiocarbon dating was taken after initial dendrochronological analysis of the disc and in each case the precise position from within the sequence of tree-rings was recorded. Table 2 lists the radiocarbon dates established and the position of the radiocarbon sample within the tree-ring series. Conventional radiocarbon dating was used for the majority of the samples. Radiocarbon dating of multiple samples of material, from known relative positions within a dated dendrochronological sequence, allowed the application of wiggle matching as an advanced radiocarbon dating technique. The calibration of 14 C-dates (Table 2) including wiggle matching was performed using OxCal 3.1 (Bronk Ramsey, 2001) and the IntCal04 calibration data set (Reimer et al., 2004) . OxCal 3.1 uses a Bayesian approach for wiggle matching calculations (Bronk Ramsey, 1995; Bronk Ramsey et al., 2001) . As well as conventional radiocarbon dating, a sequence of decadal AMS 14 C-dates utilizing dendrochronologically dated samples from this tree-ring chronology project was established for the time period 3500 to 3000 BC (for data and results see Dellinger et al., 2004) .
A 30 yr high-pass filter was applied to the individual tree-ring series used for the establishment of the chronology (Figure 2 ). Chronology strength has been assessed by the calculation of the mean interseries correlation (RBAR, Figure 2 ) and the 'expressed population signal' (EPS, Wigley et al., 1984) values. RBAR and EPS results were calculated using a 50 yr window with a 25 yr overlap of the windows. There can be problems with the calculation of RBAR and EPS when using multiple cores from individual trees as shown by Esper et al. (2006) because of the marked difference between within-tree and between-tree correlations. Here these problems were avoided by using mean-tree and mean-sample series and thus excluding within-tree correlations which would probably result in generally higher EPS numbers (D'Arrigo et al., 2001) . The chronology presented (Figure 2 ) is also based on mean-tree and mean-sample series.
The Eastern Alpine Conifer Chronology
The Eastern Alpine Conifer Chronology (EACC) established here covers 9111 years (from 7109 BC to AD 2002). This is presently the longest chronology from a mountainous area worldwide. In Europe it is the most southerly located ultra-long tree-ring chronology. Most samples are from sites in the western part of the Eastern Alps (Figure 1 ). The EACC is based on 1343 subfossil and 89 dry-dead samples, respectively, and cores from 335 living trees (only Pinus cembra). The non-recent part of the chronology (subfossil and dry-dead material) is clearly dominated by samples of Pinus cembra (n=1167, 81.5%), with Larix decidua (n=237, 16.6%) and Picea abies (n=28, 1.9%) as minor fractions. The majority of the Picea abies samples originate from a single site at relatively low altitude (site Lazins, Table 1, Figure 1 : the only complete grey point). The Larix decidua samples are mainly from sites south of the main Alpine ridge and from glacier forefields (Figure 1 ). This distribution is consistent with recent environmental conditions that show extensive larch forests in the treeline ecotone in the southern part of the Alps while current treeline forests north of the main Alpine ridge usually consists of pure Pinus cembra trees. Larch trees also prefer the open conditions in glacier forefields and usually dominate forests at such sites at least in initial stages of forest establishment. Pinus cembra treering series occur throughout the entire length of the Alpine chronology whereas the coverage by larch samples extends from 6981 BC to AD 1976 and has gaps from 3363 to 3311 BC, 4471 to 4227 BC and 6184 to 6111 BC ( Figure 3) .
The error ranges of the conventional radiocarbon results (Table 2 ) of the samples analysed largely encompass or overlap partly (94% of the samples, Table 2 ) the dendrochronologically established calendar dates of the tree-ring sequences, thus confirming the results by Dellinger et al. (2004) who used a set of 50 decadal samples and 14 C-dates covering the time period 3500 to 3000 BC. In general this perfect fit between dendrochronological dates and 14 C-results is also true for the radiocarbon samples older than about 6100 BC. Figure 4 shows these radiocarbon dates in relation to the IntCal04 calibration curve (Reimer et al., 2004) . A comparison of the dendro-dates of the radiocarbondated wood material with the calibrated 14 C-results shows two outliers (Table 2 , samples TAH-6 and SSM-106) in the millennium between 7100 and 6100 BC. The reason why these two are anomalous is not clear, and will be further investigated. If the two outliers are not considered the 'wiggle matching' of the other 13 radiocarbon dates before 6100 BC fits nearly perfectly the expected results from tree-ring dating. The mean values of the 2σ range of the 14 C calibration differ only by approximately one year from the central value of the dendrochronologically established dating of the 14 C-dated tree-ring sequences (Figure 4 ). There are several potential causes for outliers, eg, errors in sample extraction. However, Dellinger et al. (2004) could also show that in some time periods statistically significant differences can occur between the 14 C content of Alpine samples in relation to the reference data. Such effects could also explain some outliers of the radiocarbon dates ( Table 2) .
The tree-ring series used for the EACC are not equally distributed over the whole length of the chronology (Figure 3) . The sample depth shows a generally negative trend by increasing age. Maximum replication falls into the last millennium when also 89 dry-dead samples with a mean segment length of 308.9 years are included in the chronology. In general the last two millennia show the highest number of samples per year, which can be explained by variation in the conditions required to preserve samples, the proximity to the surface of subfossil logs and the possibility to find dry-dead trees. The number of samples drops below ten only three times during the last 9000 years: around 350 BC, 1100 BC and 6100 BC. The latter period has the minimum sample density (n=4) of the whole chronology.
Though individual tree ages of 400 to 1000 years can be reached by the tree species used here there is a tendency for only the trees that grow slowly to become very old and the additional requirement that the tree must be growing in a situation where it can be preserved. The mean segment length of the subfossil/dry-dead samples is only 209.9 tree rings. Larch series show a higher mean segment length (248 tree rings) than the Pinus cembra (202.5 tree rings) and the Picea abies samples (197 tree rings), respectively. The relatively low segment length in relation to the potential lifespan of the trees is probably caused by different factors. Decay processes are primarily responsible eg, easily recognizable by missing inner parts of logs or missing sapwood. Some trees grew in environments, eg, glacier forefields, where lifetime can be limited by glacier advances. Some of the sites investigated are located within the Holocene treeline ecotone, where climatic fluctuations can also limit the lifetime of trees.
RBAR and EPS calculations illustrate generally fluctuating results around the average of 0.26 and 0.89, respectively (Figure 2) . Only the time period between approximately 5400 and 4850 BC shows continuously low RBAR values synchronous with lowest variability of the tree-ring width data. This and the relatively low sample depth of the EACC at that time result in an EPS value (Wigley et al., 1984) that passes the commonly used 0.85 threshold for a satisfactory chronology signal (Figure 2) .
The other periods of EPS values below the 0.85 threshold, eg, around 8100 BC, 1200 BC and 300 BC, are mainly caused by low replication (Figures 2 and 3) . However, for most sections of the EACC, EPS values are above the commonly used threshold of 0.85. The chronology strength measured by RBAR and EPS is of the high-frequency common signal and larger numbers of samples and also different standardization techniques will be needed to extract the long-timescale variation of climate from this chronology.
Discussion
Our efforts during recent years have successfully established the first ultra-long Alpine tree-ring chronology. However, a number of chronologies or single tree-ring series had previously been derived from subfossil wooden samples from high elevation sites in the Alps since the 1970s (eg, Röthlisberger et al., 1980; Bircher, 1982; Renner, 1982; Schär and Schweingruber, 1987, 1988; Holzhauser, 1997; Edouard et al., 2002; Grabner et al., 2001) . These chronologies and series were originally only 14 C dated. However, using the EACC as a dating base the establishment of exact calendar dates for most of these series was successful. Figure 5 displays the EACC and the other synchronized conifer series and chronologies. Note, there is no data overlap between the EACC series and the other series and chronologies shown in Figure 5 (eg, from Höhenbiel) with the exception of some archaeological samples (n=13). As a result, there is now an Alpine network of absolutely dated chronologies covering the last 9100 years and nearly the whole range of the high-altitude Alps.
It is highly significant that there is a common high-frequency signal in the growth of samples from near-treeline sites across a wide area including the Swiss (eg, Höhenbiel : Bircher, 1982; Renner, 1982) and even French Alps (Edouard et al., 2002) . However, series from sites at lower elevations (eg, Grächen, Schweingruber and Schär, 1987, 1988) do not always show satisfying synchronization results. The vertical distance to the local species-specific treeline is a better predictor of the potential for crossdating than the absolute altitude, because the amplitude of the common signal in tree growth caused by variation in temperature is larger for trees which are closer to their species specific lowtemperature limit and the absolute value of temperature varies with altitude. For example, the synchronization of Picea abies samples from the Schwarzensee (Dachstein region, Austria; Grabner and Gindl, 2000; Grabner et al., 2001) with the EACC was usually successful because this species is near its altitudinal limit but crossdating of Pinus cembra series from trees growing at the same site, which is well below the elevation of the Pinus cembra treeline in this region, often failed.
The EACC has already been used as a dating base for studies of environmental changes in the Alps. Important results were achieved in the field of Holocene glacier history. Several Neoglacial advances of the glacier Gepatschferner, Eastern Alps, were established by the analysis and dating of overridden trees (Nicolussi and Patzelt, 2001; Nicolussi et al., 2006) . Tree-ring chronologies of the first millennium BC and AD, respectively, from the Great Aletsch glacier, Swiss Alps, based on logs from the so-called Göschenen I and Göschenen II advance periods (Holzhauser, 1997) , were also synchronized and therefore calendrically dated with the EACC (Holzhauser et al., 2005) . A record of the evolution of the Alpine treeline during the Holocene was established by tree-ring dating of logs and wooden remains found at sites above the current treeline position . The EACC has also been used successfully as a dating base for archaeological samples. However, this field of application of the EACC is limited to samples from high elevation sites, eg, the log boat from the Obersee, Austria (Reitmaier and Nicolussi, 2002) , mining timbers from Bronze age copper mining at the Kelchalm, Austria (Pichler et al., 2009 ) and the Bronze Age wooden construction for tapping a spring in St Moritz, Switzerland (Seifert, 2000; Nicolussi et al., 2004) . Tree-ring series from Alpine treeline and near-treeline sites, respectively, are generally suited for (summer) temperature reconstructions (eg, Eckstein and Aniol, 1981; Büntgen et al., 2005) . This has also been demonstrated by using the Pinus cembra samples of the most recent part of the EAAC in a summer temperature reconstruction for the past millennium (Büntgen et al., 2005) . Major climatic events of the Northern Hemisphere, eg, following the Tambora 1815 eruption, trigger a tree growth response which is clearly visible in the EACC. The major climatic disturbances c. AD 540, presumed to be the results of major volcanic eruptions, caused a marked reduction of tree growth in the Alps as has been demonstrated by Larsen et al. (2008) , who included the Pinus cembra and Larix decidua data of the last 2000 years from the EACC in a Eurasian network of tree-ring chronologies. Synchronous climatic effects in wide areas of Europe and Asia resulting from these events were identified by this study (Larsen et al., 2008) .
A critical point of any tree-ring chronology is sample replication. It influences both dating ability and the potential use of the chronology for dendroclimatic reconstructions. The number of tree-ring series in each year of the EACC fluctuates remarkably on an interannual to centennial scale (Figure 3) . Variability in the sample depth of multimillennial records has been recognized as controlled by climatic but also non-climatic causes (eg, Naurzbaev et al., 2002; Spurk et al., 2002) . The reasons for the fluctuating replication of the EACC are likely a combination of search strategies for samples, climatic and anthropogenic impacts on the Subalpine forests in the past, variation in the conditions required for preservation and even coincidence. The general decrease of sample depth with increasing age is most probably an effect of the sampling approach, eg, the concentration of the uppermost approximately 0.7 m in peat bogs. The high number of samples from the last millennium can largely be attributed to dry-dead samples lying on the surface. However, surface wood from earlier millennia is unlikely to have survived. The periods of low sample depth during the first two millennia BC could be caused by both climatic and anthropogenic impact. During these periods several glacier advances occurred and Alpine treelines declined sharply (Patzelt and Bortenschlager, 1973; Wick and Tinner, 1997; Nicolussi and Patzelt, 2001 ). Both records indicate cooler climatic conditions and, in addition to lower treelines, forest density within the treeline ecotone can be expected to be reduced. Therefore the potential to find wooden remains from those periods at high altitude sites is reduced. Moreover, pollen analyses and radiocarbon dating of charcoal layers show that human impact on the treeline ecotone of the Eastern Alps increased in the Bronze Age (2200 to 800 BC) and Iron Age (800 to 15 BC) (Patzelt, 1996; Bortenschlager, 2000) . Between about 5300 and 1700 BC the sample replication of the chronology shows minor fluctuations around a more or less constant long-term mean. The most pronounced minima, around 3700/3300 BC and around 4300 BC, are also known as periods of glacier advances in the Eastern Alps (Renner, 1982; Nicolussi and Patzelt, 2001) . Additionally, the periods of higher replication in the middle Holocene correspond with known high treeline positions in the Alps (Wick and Tinner, 1997; Nicolussi et al., 2005) .
The lowest replication of the chronology is recorded around 6100 BC (Figure 3) and it is therefore synchronous with the prominent 8.2 ka event (von Grafenstein et al., 1999; Alley and Agustsdottir, 2005) . A decline of the treeline in the central Eastern Alps was shown for that time period, although its altitude did not fall below the level reached in the 'Little Ice Age' . The 8.2 ka event was the last of three pronounced climatic fluctuations during the early Holocene recorded in the Greenland ice-cores (Rasmussen et al., 2007) . It may not be accidental that the EACC begins shortly after the 9.3 ka event, another of these events that started around 7300 BC. As shown, the replication record of the EACC (Figure 3 ) is triggered by the environmental and climatic evolution in the central Eastern Alps. Therefore, it can be regarded as a low-frequency climatic record. One of the drivers of natural climatic variability is the sun (eg, Bond et al., 2001; Jansen et al., 2007) and records of 10 Be have been used as indicator for solar variability in the past (Beer et al., 1988; Bard et al., 1997) . Figure 6 shows the comparison of the sample depth record of the EACC with the mid-Holocene 10 Be record from the GISP2 ice core (Finkel and Nishiizumi, 1997) . The sample depth record is plotted on a logarithmic scale to highlight minima. The original timescale of the 10 Be record is adjusted negatively by 60 years following the suggestions by Southon (2002) . The two records show a similar evolution in several parts of their overlap, eg, around 5100 BC and 1600 BC. However, without the shift of the 10 Be timescale some of the wiggles, especially those around 3500 BC, would not be in phase.
The significance of the influence of the sun's variations on the Holocene mid-term evolution of the environment and climate in the Alps has been discussed by several authors (eg, Magny, 2004; Holzhauser et al., 2005 ). These studies demonstrate that periods with reduced solar activity are synchronous with phases of high lake
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The Holocene 19,6 (2009) levels and glacier advances. Winter (snow) precipitation is one of the important factors that controls glacier variability (eg, Nesje et al., 2008) and it also influences the position of the Alpine treeline. This effect is clearly shown by the regional distribution of treeline altitudes in the Alps (eg, Mayer, 1974) . Areas with higher precipitation, eg, at the northern and southern borders of the Alps, show lower treeline positions whereas the central and drier parts display the highest positions of the Alpine treeline, up to approximately 2400 m a.s.l. These observations demonstrate the influence of the length of the vegetation season on tree occurrence due to the duration of the snow cover and the onset of the winter (snow) season at high altitudes,. Effects of wetter/cooler climatic conditions due to reduced solar activity (Magny, 2004; Holzhauser et al., 2005) may be an important factor to explain the variations in the sample depth record of the EACC in periods without human impact on the treeline ecotone. Several minima in the sample depth record of the EACC are also synchronous with glacier advance periods, eg, approximately 6200 BC (Kerschner et al., 2006) , 4300 BC (Renner, 1982; Nicolussi and Patzelt, 2001) , 3600 BC (Patzelt and Bortenschlager, 1973; Nicolussi and Patzelt, 2001 ) 600 BC and AD 800 (Holzhauser et al., 2005; Nicolussi et al., 2006) . Solar activity could have influenced both glacier activity and the treeline position and forest density in the treeline ecotone at least in the mid-Holocene period.
Conclusions
(1) A 9111 yr long tree-ring width chronology has been established based on the analysis of samples from sites above approximately 2000 m a.s.l. mainly in the Eastern Alps.
(2) The establishment of the ultra-long Eastern Alpine Conifer Chronology (EACC) allowed the development of a network of calendar dated Alpine tree-ring chronologies and series. It can be used as a dating base for several research fields in environmental and climatic change in the European Alps as well as for archaeological studies.
(3) The EACC may reflect global as well as regional climatic variability. This is shown by the recording of major NorthHemispheric events, eg, the Tambora 1815 event or the events following major climatic disturbance c. AD 540.
(4) The ability to find wooden remains at high altitudes in the Alps before the onset of the Bronze Age displayed in the sample depth record of the EACC seems to be strongly coupled with the forest density and therefore with the climatic history in this mountain area. The accurately dendrochronologically dated early-to mid-Holocene evolution of the treeline ecotone of the central Alps may be partly controlled by solar activity. Human activities in the treeline ecotone as recorded by archaeological findings and pollen analyses may be responsible for the low number of samples found for the Bronze Age (2200-800 BC) 
Figure 6
Comparison of the sample depth record of the EACC and the 10 Be record of the GISP2 ice core. The 10 Be record is shifted backwards by 60 years to the past in relation to the original timescale according to Southon (2002) . The 10 Be record is also shown smoothed to reduce variability and emphasize the long-term evolution of this data set
